Summary. A co-culture system using a suspension of detached bovine oviducal epithelial cells (BOEC) 
Introduction
Methods for bovine follicular oocyte maturation and fertilization in vitro Xu et al., 1987) , followed by in-vitro co-culture with oviducal and cumulus cells or trophoblastic vesicles (Goto et al, 1988; Eyestone & First, 1989; Kim et al, 1990; Fukuda et al, 1990; Iwasaki & Nakahara, 1990 ; Nakao & Nakatsuji, 1990) , are now well established; but in these studies, the developmental rates of the resulting embryos were usually slower than those of normal embryos in vivo, the proportion of the embryos reaching the blastocyst stage was small, and few hatched (Marquant-Le Guienne et al, 1989) . Further improvements are therefore needed if in-vitro maturation and fertilization of oocytes and in-vitro culture of the resulting embryos are to be used reliably for research and commercial purposes.
Early work by Biggers et al. (1962) showed that mouse zygotes could develop into blastocysts at the normal in-vivo rate within explanted oviducts maintained as organ cultures. The mechanism by which somatic cells promote embryonic development is obscure, although there is evidence that it involves specific factor(s) produced by the cells (Gandolfi & Moor, 1987; Gandolfi et al, 1989) . However, the number of inner-cell-mass (ICM) cells in blastocysts produced in vitro may be reduced (Marquant-Le Guienne et al, 1989) , presumably reflecting deficiencies in the culture system. Therefore, more detailed information is needed to understand the requirements of the early embryos and the roles of the somatic cells. Data on pregnancy and calving rates obtained from the transfer of the resulting embryos are sparse.
Information on the viability of embryos produced in vitro is obviously important for the use of the technique, particularly as not all morphologically normal blastocysts are capable of giving rise to pregnancies (Whitten, 1986; Gandolfi & Moor, 1987; Loskutoff & Kraemer, 1990 Oocyte maturation and fertilization. Ovaries, collected at the same time as the oviducts, were transported to the laboratory in warm (34"Q physiological saline (0-9% NaCl) in a thermos flask and washed twice in warm saline. To collect cumulus-oocyte complexes (COCs), the surfaces of the ovaries were cut finely with a razor blade, then simultaneously rinsed and tapped to release COCs into a 250 ml beaker containing 80-100 ml of COC collection medium, which was Ham's F-10 (F-10, Gibco) supplemented with 2% ECS or FCS, lOmM Hepes, 2 iu heparin/ml, and Pen/Strep. After every ten ovaries processed, the beaker was covered with aluminium foil and left on a warm bench (30-32°C) for 5-10 min before pouring off three-quarters of the supernatant. The remaining COC suspension was divided between two 85 mm Petri dishes and searched for COCs under a dissecting microscope. Complexes with at least 2-3 compact layers of cumulus cells were selected. The procedures for in-vitro maturation and fertilization of oocytes were as previously described (Xu et ai, 1987; Xu & Greve, 1988 On the third day of co-culture, an additional 50 µ of embryo culture medium was added to each drop. The total durations of the co-culture periods were 7-10 days, depending on the experiment. The developmental stages of the embryos in co-culture were determined by phase-contrast microscopy.
Experiment 1: Comparison of culture media. Five media were used for the preparation of BOEC drops. Ham's F-10 (F-10; Gibco), TCM 199 (TCM; Gibco), Waymouth's medium ( WM; Gibco), and Ménézo's B2 (B2) were supplemented with 10% ECS and Pen/Strep. The fifth was a modified Tyrode's medium, supplemented with 0-6% bovine serum albumin (essentially fatty-acid-free, Sigma), lactate, pyruvate (0-2 mmol/1) and gentamycin, but without serum (TALP, Parrish et ai, 1986; Greve et ai, 1987) . The concentrations of glucose and hypoxanthine in these media are shown in Table 1 . A control group using B2 without BOEC was also included. Embryos were co-cultured for 7 days. The effects of the (SAS package, 1988) were applied to separate means. Data were transformed to near-normality and homoscedasticity using a cubic transform and arcsine square-root transform for numbers of cells and mitotic indices at various stages, respectively (Sokal & Rohlf, 1981) .
Results

Behaviour of the BOEC
The oviducal tissue at the time of collection was in the form of sheets (Fig. 1) . By the time of preparation of embryo culture drops, i.e. after overnight culture, most apparently dead cells fell from the sheets and the viable cells remained as structures resembling worms because of their appearance and active movement caused by cilia (Fig. 2) . When BOEC were cultured in drops of B2, TCM or F-10 media, there was little tendency to form a monolayer in the first 3 days of culture; instead, some of the BOEC formed vesicle-like structures (Fig. 3) 
Experiment 1
A total of 563 zygotes or oocytes was used in this experiment (Table 2) . Although high cleavage rates were obtained in the TALP and WM groups, none of the embryos reached the morula/ blastocyst stage in WM and only a few did so in TALP. A high cleavage rate was also obtained in the B2 control group but, again, few embryos became morulae or blastocysts. The greatest pro¬ portion of embryos to reach the morula/blastocyst stage was achieved in B2 with BOEC, whether expressed as a percentage of the total one-cell presumptive zygotes (30-9%) or of the cleaved zygotes (65-9%). These rates were significantly different (P < 005) from the respective rates obtained in four of the other groups, but not from those produced in TCM.
Experiment 2
Combining the results from the two replicates, there were few ova (71%, 13/183) cleaved one day after spermatozoa-oocyte co-culture, but the rate increased to 62-8% (115/183) by Day 2. Thereafter, development was monitored only in those 115 cleaved embryos, as shown in Table 3 . An example of some hatching blastocysts is shown in Fig. 4 (Chatot et al, 1989; Walker et al., 1989 ) and a variety of complex media have been used by previous investigators. In an early report by Edwards (1964) and a more recent one by Van de Sandt et al. (1990) , Waymouth's medium showed some advantage over other media in culturing rabbit embryos and in maturing mouse oocytes, respectively. Ham's F-10 has been reported to be a medium of choice for the culture of bovine embryos (Wright & Bondioli, 1981) . For the culture of ovine and bovine embryos, TCM 199 has been used with some success by Gandolfi in-vitro fertilization and embryo culture , and in bovine embryo culture (Marquant-Le Guienne et al., 1989) . It was for these reasons that we chose the media for compari¬ son in this study. In addition, TALP medium, used for in-vitro fertilization in this laboratory, was used as a negative control. Although direct comparison of the complex chemical compositions of these media is difficult to interpret, their concentrations of glucose and hypoxanthine are different (Table 1 ). This may be significant as both glucose (Schini & Bavister, 1988 ) and hypoxanthine Ellington et al. (1990a) found that, in the presence of 3-3mM glucose in medium CZB (Chatot et ai, 1989) , for the first 36-48 h of co-culture with oviduct cells the percentage of embryonic blastulation decreased significantly (13 vs. 31%) (Gandolfi & Moor, 1987; Gandolfi et al, 1989 ) that tissue-specific cellu¬ lar factors are involved. However, the evidence for the latter is neither direct nor convincing. It has been observed that changes in the synthesis and secretion of oviducal polypeptides are associated with the oestrous cycle in cattle (Malayer et al, 1988) and sheep (Buhi et al., 1989) . Indeed, the oviducal cell co-culture system has been extensively used for early embryos in dom¬ estic species, including cows (Eyestone & First, 1989; Pollard et al, 1989; Ellington et al., 1990a, b, c) , pigs (White et al, 1989) , sheep (Gandolfi & Moor, 1987) , goats (Sakkas et al, 1989) , and horses (Ball & Altschul, 1990; Weber et al, 1990) , as well as in humans (Sathananthan et al., 1990) . Oviducal epithelial cells have also been shown to maintain the motility and fertilizing capacity of bovine spermatozoa in vitro (Pollard et al, 1991) . Various other cell types including trophoblastic vesicles (Camous et ai, 1984; Heyman et al, 1987 ), a trophoblastic cell strain (Scodras et al, 1990) , cumulus cells (Goto et ai, 1988) , embryonic chicken cells (Blakewood et al, 1988) , uterine cells (Voelkel et al, 1985; Wiemer et al, 1989) , fibroblast cells (Gandolfi & Moor, 1987) , epididymal epithelial cells (J. W. Pollard, personal communication) and a transformed monkey-kidney cell line (VERO; Ménézo et al, 1990) have been used to facilitate the critical transition from maternal to embryonic control of early cleavage (Barnes & Eyestone, 1990) . This implies that any factor(s) that may exist is probably not tissue specific. However, it is also possible that different cell types could produce different beneficial factors, or different amounts of the same factor.
Various culture systems, e.g. expiants (Biggers et al, 1962) and monolayers (Gandolfi & Moor, 1987; Marquant-Le Guienne et al, 1989) , as well as conditioned medium (Eyestone & First, 1989) , have been used to take advantage of the benefits of co-culture. In the present study, it appeared that the BOEC in the form of suspension in B2 drops remained viable for at least 10 days, as judged by ciliary movement, and attached to the bottom of the dish very slowly compared with the rates others have reported when using monolayers. This may have contributed to the effectiveness of this co-culture system, because there is evidence that some new RNAs and proteins appear after mammalian and yeast cells become quiescent (Pardee, 1989 (Eyestone & First, 1989; Kim et al., 1990) , but in contrast to the report of Marquant-Le Guienne et al. (1989) in which no embryo hatched in co-culture with an oviducal epithelial cell monolayer. Experiment 2 also showed that progressive development is comparable to that seen in vivo (Betteridge & Flechon, 1988) (Eyestone & First, 1989; Kim et al, 1990 ).
More cells were observed at the morula (45-4 + 1-2), blastocyst (101-5 + 31), hatching blasto¬ cyst (174-7 + 5-9), and hatched blastocyst (195-9 + 7-7) stages than previously reported (Kajihara et al, 1988; Kim et al, 1990 ). The decreasing mitotic indices from morula to hatched blastocyst stages agrees with a previous study (Iwasaki & Nakahara, 1990) . Numbers of cells may have been underestimated, because technical difficulties can lead to cell loss during fixation and slide prep¬ aration, particularly for hatching and hatched blastocysts. However, the advantage of this fixation method is that it allows determination of the mitotic index, which reflects the viability of the embryo, as well as of the incidence of abnormal or polyploid metaphase nuclei. However, this technique does not allow determination of the number of ICM cells in the blastocysts produced in the co-culture system, although morphologically normal ICMs were seen in most of the blastocysts (Fig. 4) . There are reports in mice (Whitten, 1986; Loskutoff & Kraemer, 1990) and in sheep (Gandolfi & Moor, 1987) that normal-looking blastocysts may not result in normal pregnancy rates when transferred. It is therefore encouraging that the limited transfer results showed that the viability of selected embryos produced in the system was comparable with that of normal embryos produced in vivo.
In conclusion, an efficient and reliable BOEC co-culture system has been established which should be useful for basic and applied studies (Seamark, 1989) as most aspects of embryo develop¬ ment examined were comparable to those seen in vivo. A limitation of the co-culture system at present is that it requires collection of fresh oviducts each time to set up primary BOEC culture, which is inconvenient and a source of uncontrollable variation. Methods of maintaining function¬ ally normal cells or cell strains (Scodras et al, 1990) , or of cryopreserving the cells, may overcome these problems. The mechanism of the beneficial role played by BOEC is not clear, but might be elucidated by studies using a defined medium to which known components are added (Larson et al, 1990 ; Rose, 1990 ).
